channel dysregulation to exaggerated mortality in cecal ligation/ puncture (CLP)-induced septic BK channel ␤1-subunit knockout (BK ␤1-KO, smooth muscle specific) mice. CLP-induced hemodynamic changes and mortality were assessed over 7 days in wild-type (WT) and BK ␤1-KO mice that were either untreated, given volume resuscitation (saline), or saline ϩ calcium channel blocker nicardipine. Some mice were euthanized 24 h post-CLP to measure tissue injury and vascular and immune responses. CLP-induced hypotension was similar in untreated WT and BK ␤1-KO mice, but BK ␤1-KO mice died sooner. At 24 h post-CLP (mortality latency in BK ␤1-KO mice), untreated CLP-BK ␤1-KO mice showed more severe hypothermia, lower tissue perfusion, polymorphonuclear neutrophil infiltrationindependent severe intestinal necrosis, and higher serum cytokine levels than CLP-WT mice. Saline resuscitation improved survival in CLP-WT but not CLP-BK ␤1-KO mice. Saline ϩ nicardipine-treated CLP-BK ␤1-KO mice exhibited longer survival times, higher tissue perfusion, less intestinal injury, and lower cytokines versus untreated CLP-BK ␤1-KO mice. These improvements were absent in treated CLP-WT mice, although saline ϩ nicardipine improved blood pressure similarly in both septic mice. At 24 h post-CLP, BK and L-type Ca 2ϩ channel functions in vitro were maintained in mesenteric arteries from WT mice. Mesenteric arteries from BK ␤1-KO mice had blunted BK/enhanced L-type Ca 2ϩ channel function. We conclude that vascular BK channel deficiency exaggerates mortality in septic BK ␤1-KO mice by activating L-type Ca 2ϩ channels leading to blood pressure-independent tissue ischemia.
BK ␤1-subunit knockout; polymicrobial septic shock; blood flow and tissue perfusion; Ca 2ϩ channel blocker; polymorphonuclear neutrophil infiltration and tissue injury; cytokines; vascular BK and L-type Ca 2ϩ channel function SEPTIC SHOCK is the second-leading cause of death in noncoronary intensive care unit patients worldwide. Despite the international recommendation of an early goal-directed therapy based on optimization of mean arterial blood pressure (MAP), central venous pressure, urine output, and central venous oxygen saturation, mortality rates remain high in septic shock (9, 23) . Although sepsis is not primarily a cardiovascular disease, 50% of septic shock patients die from circulatory failure within the first 24 h after infection and before antimicrobial therapies can become effective (9, 23, 38) . Sepsis-induced circulatory failure causes reduced organ perfusion, multiple organ failure, and death. In humans and animals, polymicrobial sepsis causes a biphasic hemodynamic response. An early hyperdynamic stage (2-10 h postinfection) is characterized by increased cardiac output, tissue perfusion, oxygen delivery, and decreased vascular resistance. The later developing hypodynamic stage is characterized by declining cardiac output and increased vascular resistance, which cause reduced tissue perfusion and oxygen delivery and lactate acidosis, resulting in multiple organ failure and death (8, 13, 45, 47) . Prevention of the transition from the hyperdynamic to the hypodynamic circulatory phase during the progression of polymicrobial sepsis protects against sepsis-induced organ failure and death (46, 48) . Large conductance Ca 2ϩ -activated K ϩ (BK) channels are assembled from pore-forming ␣-subunits and accessory ␤-subunits that modulate ␣-subunit Ca 2ϩ sensitivity and channel activity (2, 26) . In vascular smooth muscle cells, BK channels regulate L-type Ca 2ϩ channel activity and vascular tone through negative-feedback modulation. Activation of BK channels causes vascular smooth muscle cell hyperpolarization, L-type Ca 2ϩ channel closure, and vasodilation (2, 26) . There are four subtypes (␤1-␤4) of BK channel ␤-subunits and ␤1-subunits are specific for smooth muscle cells. BK ␤1-knockout (KO) reduces the Ca 2ϩ sensitivity of the ␣-subunit causing reduced BK channel function. These changes lead to vascular smooth muscle cell membrane depolarization, increased norepinephrine reactivity, and increased vascular tone (2, 31, 42) .
Theoretically, BK channel blockers should protect against sepsis-induced vasodilation and hypotension. Early studies indicated that BK channel activation may contribute to sepsisinduced vasodilation since blockade of BK channels improves arterial reactivity to norepinephrine (NE) in endotoxemic humans and survival in endotoxemic mice (6, 30) by preventing sepsis-induced arterial relaxation (7, 12, 21, 44) . However, studies using either a global BK channel ␣-subunit knockout (␣-KO) mouse (27) or a specific smooth muscle cell BK channel-deficient (␤1-KO) mouse (43) do not support this theory. These studies showed that BK channel deficiency does not protect against polymicrobial sepsis or lipopolysaccharide (LPS)-induced hypotension and instead caused shortened latency to mortality and a higher mortality rate via undefined mechanisms (27, 43) . Sepsis-induced mortality is more common in elderly patients, obese individuals, diabetics, and patients with congestive heart failure (1, 5, 25, 28) who have altered vascular tone and impaired vascular BK channel function (18, 24, 37, 50) , suggesting that there may be interactions between BK channel dysfunction and septic shock-induced higher mortality in these patients.
Early studies showed a benefit of Ca 2ϩ channel blockers in protecting against endotoxin-induced organ damage and mortality (15, 17, 22, 35) . Ca 2ϩ channel blockers improved blood pressure, organ perfusion, and survival in endotoxemic animals (15, 17, 22, 35, 40) , suggesting that enhanced vascular Ca 2ϩ channel activity might partly contribute to higher peripheral vascular resistance and lower perfusion of ischemia-sensitive organs during the late stage of septic shock (19, 36 We compared MAP, heart rate (HR), organ damage, blood flow, and mortality in CLP-treated BK ␤1-KO and WT mice with or without L-type calcium channel blocker treatment in vivo. CLP-induced septic shock in mice is a model for the induction of polymicrobial sepsis. We also tested the contribution of vascular BK and L-type Ca 2ϩ channel activity to regulation of vascular tone in mesenteric arteries (MA) from septic WT and BK ␤1-KO mice in vitro. The role of inflammatory responses in organ damage and mortality in septic BK ␤1-KO mice was also determined by measurement of serum cytokine levels and organ polymorphonuclear neutrophil (PMN) infiltration.
MATERIALS AND METHODS
Animals. BK ␤1-KO mice are congenic as a result of seven generations of inbreeding to the C57BL/6 line (2). Homozygous breeder male and female BK ␤1-KO mice were a gift from Dr. Robert Brenner (University of Texas Health Science Center, San Antonio, TX). BK ␤1-KO mice were maintained originally as homozygous lines in Michigan State University (42, 43) . WT (C57BL/6) mice were purchased from Jackson Laboratories (Bar Harbor, ME). Pups of BK ␤1-KO mice were weaned at 3 weeks, and all mice were fed a normal diet. Mice used in our studies were at 14 -16 wk of age (male, 25-30 g). All of the studies were conducted in accordance with the National Institutes of Health "Guide for the Care and Use of Laboratory Animals" (NIH Publication No. 85-23, Revised 1996) and approved by the Michigan State University Institutional Animal Care and Use Committees.
Measurements of MAP, HR, and survival. Procedures used for telemeter implantation in mice have been described previously (42, 43) . In mice under isoflurane anesthesia (2-3%) a catheter attached to a radiotelemetry transmitter (Data Sciences International, St. Paul, MN) was placed into the abdominal aorta via the left femoral artery. The transmitter was placed subcutaneously. Depth of anesthesia during surgery was assessed as stability of respiratory movement, pupil size, and paw-pinch reflexes. After the mice recovered from surgery (Ͼ3 days), they were maintained on a 12:12-h light-dark cycle. Blood pressure and HR were sampled continuously for 10 s every 10 min. Two weeks after implantation of telemetry, blood pressure and HR were collected at 1-h intervals 48 h before and 7 days after CLP procedures. The latency to mortality was defined as the time from CLP surgery until the first death within samples.
Cecal ligation/puncture. With the mice under isoflurane anesthesia (2-3%), the cecum was exposed through an abdominal midline incision (32) . Cecal puncture was performed by using 24-gauge hypodermic needles and punctures were made in the mesenteric to antimesenteric direction (through-through). The abdominal incision was closed, and all mice received warm saline (50 ml/kg sc, only once in untreated groups) immediately to induce a hyperdynamic circulatory phase (32) . Mice were returned to their cages and checked at 3-to 6-h intervals for 7 days. Buprenorphine (0.05 mg/kg im, once) was used as analgesia after the CLP surgery.
Volume and/or nicardipine resuscitation. In treated groups, 2 h after CLP surgery, mice received 30 ml/kg (low) or 50 ml/kg (intermediate) warm saline (37°C) (9, 49) with or without nicardipine (1.25 or 2.5 mg/kg sc) thereafter every 6 h (q.6.h., sc) for 72 h post-CLP.
Measurement of peripheral blood flow and rectal temperature. Paw blood flow was measured by scanning laser Doppler (PeriScan PIM 3, Perimed, Stockholm, Sweden). While the mouse was under anesthesia, the paw was exposed. The scanning laser Doppler was positioned ϳ19 cm above the surface of paw, and blood flow was measured in both paws. The wavelength of the laser light is set at 670 -690 nm with a penetrating depth of 0.5-1 mm. A total of four consecutives scans were performed at each time point. The measurements were taken before and at 24 h post-CLP (the latency to mortality in BK ␤1-KO mice). Mean perfusion in each paw was measured using LDPIwin 3.1 software (Perimed).
To minimize the influence of body temperature on blood flow measurement, rectal temperature was constantly measured using a thermometer (BAT-12, Physitem Instruments) during the measurements. The power of the heating pad was adjusted to maintain the rectal temperature at premeasurement levels.
Blood sample and tissue collections. At 24 h post-CLP, WT and BK ␤1-KO mice were euthanized with pentobarbital sodium (80 -100 mg/kg ip), and blood was collected through cardiac puncture and centrifuged to separate the serum, which was frozen at Ϫ80°C. Left kidney, left lobes of liver, and small intestine segments were taken and fixed in 4% paraformaldehyde for 24 h before hematoxylin and eosin and PMN staining.
Measurement of vascular contractility in vitro. A branch of MA was isolated from septic WT and BK ␤1-KO mice at 24 h post-CLP for contractile studies. MAs (60 mmHg pressurized inner diameter Ϸ100 -150 m) were mounted in a pressure myograph with Krebs solution equilibrated with compressed air (5% CO 2-21% O2-74% N2, 37°C) (42) . Changes in MA inner diameter (ID) caused by paxilline (0.5 M, a selective BK channel antagonist) and BAY K 8644 (0.1 mM, a selective L-type Ca 2ϩ channel agonist) were recorded. Morphological assessment of organ damage. The liver, kidney, and small intestine were removed immediately after mice were euthanized at 24 h after CLP. These tissue specimens were fixed overnight in 4% buffered formaldehyde, processed by standard methods, and stained with hematoxylin and eosin. One observer, who was blinded to the treatment of animals, performed the tissue analysis. The severity of the organ injury was determined as described previously (43) . The severity of small intestine injury was scored from 0 to 3 as follows: 0, normal; no damage; 1, mild; focal epithelial edema and necrosis; 2, moderate; diffuse swelling or necrosis of the villi; and 3, severe; diffuse necrosis of the villi with evidence of neutrophil infiltration in the submucosa and/or hemorrhage. The severity of liver injury observed in the tissue sections was scored as follows: 0, minimal or no evidence of injury; 1, mild injury consisting of cytoplasmic vacuolation and focal nuclear pyknosis; 2, moderate to severe injury with extensive nuclear pyknosis, cytoplasmic hypereosinophilia, and loss of intercellular borders; and 3, severe necrosis with disintegration of the hepatic cords, hemorrhage, and neutrophil infiltration. The severity of renal tubular injury was scored by estimating the percentage of tubules in the cortex or the outer medulla that showed epithelial necrosis or had luminal necrotic debris, tubular dilation, and hemorrhage, as follows: 0, none; 1, Ͻ5%; 2, 5-25%; 3, 25-75%, and 4, Ͼ75%. All evaluations were made on 5 fields per section and 5 sections per organ.
Immunohistochemistry staining of PMN accumulation in small intestinal tissues, liver, and kidney. PMN accumulation was determined by immunohistochemistry staining of PMN in small intestinal tissues, liver, and kidney. The paraffin-embedded tissue slices from the liver, kidney, and small intestine were cut into 6-m thick slices and stained for PMNs using a rabbit anti-PMN antibody (1:2500, Abtu-neutrophil Clone 7/4) (43). After incubation with the primary antibody, tissue sections were incubated with biotinylated goat antirabbit IgG, avidin-conjugated alkaline phosphatase, and Vector Red substrate to stain PMNs.
Assays for MPO, TNF-␣, and IL-6 production. Production of myeloperoxidase (MPO) in small intestine was measured using ELISA with a mouse MPO kit (USCN, Life Science, Wuhan, Hubei, China). Serum TNF-␣ and IL-6 levels were measured using ELISA with mouse TNF-␣ and IL-6 kits (BD Biosciences).
Statistics. Data are means Ϯ SE from n mice. Paired and unpaired t-tests were used for two-group comparisons. All two-group comparisons were against a two-tailed alternative hypothesis. Heart rate (HR) and MAP were compared using a mixed design two-way ANOVA followed by Student-Newman-Keuls test. Survival curves of WT and BK ␤1-KO mice were fitted and compared using the Kaplan-Meier method. Data were analyzed using GraphPad Prism 5.0 software. P Ͻ 0.05 was considered statistically different.
RESULTS
Hypotension-independent shortened latency to mortality and lower survival rate in CLP-BK ␤1-KO mice. At 15 days after telemeter implantation, CLP-induced sepsis was induced in WT and BK ␤1-KO mice. MAP, HR, and survival rate were followed for up to 7 days (Fig. 1) . Baseline MAP and HR were collected as 48-h averages before CLP, and they were similar in the two groups of mice. The latency to mortality post-CLP was 25 h in BK ␤1-KO mice and 52 h in WT mice (Fig. 1C) ; therefore, MAP and HR from each group was averaged only up to 25 h and 52 h post-CLP, respectively (Fig. 1, A and B) . CLP caused a progressively developing hypotension (Fig. 1B) , and the peak fall in MAP was at 18 h post-CLP in both groups. Although the peak fall of MAP in CLP-BK ␤1-KO mice was slightly larger than WT mice (102 Ϯ 2 to 74 Ϯ 3 mmHg vs. 104 Ϯ 3 to 84 Ϯ 5 mmHg), the overall progression of hypotension during the 24-h post-CLP was similar in both groups (P ϭ 0.98). Hypotension, without a change in HR, persisted until death in BK ␤1-KO mice (Fig. 1A) . After the early fall in MAP, CLP-WT mice developed a slow elevation of MAP and a progressive decrease in HR. At 36 h post-CLP, MAP recovered in CLP-WT mice to pre-CLP levels (109 Ϯ 5 mmHg), and thereafter fell again. The peak fall of HR was at 48 h post-CLP (575 Ϯ 24 to 366 Ϯ 56 beats/min, P ϭ 0.009). Bradycardia and hypotension persisted to 52 h post-CLP, the latency to earliest mortality in CLP-WT mice (Fig. 1, A and B) .
The 7 days survival was significantly lower in septic BK ␤1-KO mice (P ϭ 0.02) (Fig. 1C) . All BK ␤1-KO mice died before 72 h post-CLP (Fig. 1C) . One WT mouse survived up to 7 days (Fig. 1C) . The median survival time in BK ␤1-KO mice was 39 h, which was shorter than WT mice (68 h). Since septic BK ␤1-KO mice had a shorter latency to mortality, we chose 24 h post-CLP as the time point to investigate the consequences of BK channel deficiency in septic shock.
Volume resuscitation improved survival in CLP-WT but not CLP-BK ␤1 KO mice. To determine whether hypovolemia contributes to the exacerbated mortality in septic BK ␤1-KO mice, after CLP procedures, WT and BK ␤1-KO mice received low (30 ml/kg) or intermediate (50 ml/kg) fluid resuscitation regimens (49) , warm saline (37°C, 30 or 50 ml/kg sc) at the time of CLP, and then q.6.h. for up to 72 h. Seven-day survival in CLP-WT mice was volume dependently improved by saline Fig. 1 . Continuous measurement of heart rate (HR), mean arterial pressure (MAP), and mortality in telemetry implanted untreated wild-type (WT) and large conductance Ca 2ϩ -activated K ϩ (BK) ␤1-knockout (KO) mice before and up to 7 days after cecal ligation/puncture (CLP) surgery. MAP and HR were sampled for 10 s every 10 min and reported as hourly. Averaged HR (A) and MAP (B) from WT and BK ␤1-KO mice before and 51 and 24 h post-CLP are shown; the parameters cannot be averaged after this time point in each group because of decreased numbers of septic mice. C: 7-day survival rate in untreated CLP-WT and BK ␤1-KO mice. #Significantly different from CLP-WT mice (P Ͻ 0.05, Kaplan-Meier method). treatment ( Fig. 1C vs. Fig. 2 , P ϭ 0.025). Volume treatment neither delayed the latency to mortality (25 h vs. 24 h) nor improved the median survival time (39 h vs. 41 h) or 7-day survival in CLP-BK ␤1-KO mice (Fig. 1C vs. Fig. 2 , P ϭ 0.079).
Volume resuscitation combined with L-type Ca 2ϩ channel blocker treatment improves survival time in CLP-BK ␤1 KO mice. We hypothesized that BK channel dysfunction accelerates the transition from the hyperdynamic to the hypodynamic stage of septic shock by increasing vascular smooth muscle cell Ca 2ϩ channel activity. This could cause hyposensitivity to vasodilators and reduced organ blood flow. If so, blocking L-type Ca 2ϩ channels should improve the survival rate in BK ␤1-KO mice. We tested the effect of the dihydropyridine calcium channel blocker nicardipine on MAP, HR, and mortality in septic WT and BK ␤1-KO mice. Fifteen days posttelemetry implantation, WT and BK ␤1-KO mice received CLP surgery and saline (50 ml/kg) plus nicardipine (2.5 mg/kg sc) treatment at 2 h post-CLP and thereafter q.6.h. for up to 72 h. MAP, HR, and survival rate were followed for up to 7 days (Fig. 3) . The nicardipine dose and volume were selected based on our primary studies showing that this combined treatment improved survival time in CLP-BK ␤1-KO mice. We found that the survival time was significantly prolonged in CLP-BK ␤1-KO mice when these mice were treated with 2.5 mg/kg nicardipine ϩ 50 ml/kg saline, but not with 1.25 mg/kg nicardipine ϩ 50 ml/kg saline (data not shown).
Since latency to mortality in treated groups was 28 and 61 h post-CLP in treated CLP-BK ␤1-KO and WT mice (Fig. 3) , MAP and HR for each group were averaged for up to 28 and 61 h, respectively. In both treated groups, blood pressure was lower 6 -8 h post-CLP; thereafter, blood pressure was significantly higher than untreated mice (Fig. 3, C and D) , although MAP transiently dropped by 10 to 15 mmHg after each nicardipine treatment (Fig. 3, C and D) . Treatment greatly improved HR in CLP-WT (Fig. 3A) but did not affect HR in BK ␤1-KO mice (Fig. 3B) .
We also compared MAP and HR in treated WT versus BK ␤1-KO mice. The transient depressor responses caused by the first (at 2 h) and second (at 8 h) nicardipine treatments were slightly larger in BK ␤1-KO mice than septic control mice: the blood pressure nadir occurred at 70 Ϯ 3 mmHg vs. 80 Ϯ 4 mmHg (P ϭ 0.047) and 80 Ϯ 2 mmHg vs. 89 Ϯ 2 mmHg, respectively (P ϭ 0.045) (Fig. 3F) . However, overall MAP and HR during 24 h post-CLP were similar in treated WT and BK ␤1-KO mice (Fig. 3, E and F) .
When compared with saline-treated mice, the combined treatment increased the latency to mortality from 51 to 61 h without improving 7-day survival (5/8 vs. 6/8, P ϭ 0.79) (Fig.  2 vs. Fig. 3G ) in CLP-WT mice. In CLP-BK ␤1-KO mice, the 7-day survival time was significantly improved compared with saline-treated BK ␤1-KO mice (Fig. 2 vs. Fig. 3G , P ϭ 0.0075). The combined treatment did not delay the latency to mortality (24 h vs. 28 h), but median survival time improved from 39 to 77 h. Treatment improved overall 7-day survival from 1/8 to 3/8 (Fig. 2 vs. Fig. 3G ), which was still significantly lower than that of treated WT mice (Fig. 3G , P ϭ 0.042).
Ca 2ϩ channel blocker and volume resuscitation protect against hypoperfusion in CLP-BK ␤1-KO mice. To test the hypothesis that L-type Ca 2ϩ channel-dependent vascular mechanisms mediate CLP-induced organ damage and mortality in BK ␤1-KO mice, we measured blood flow before and 24 h post-CLP with or without combination treatment. We measured paw blood flow as an index of peripheral tissue perfusion using Doppler and also measured rectal body temperature simultaneously as an indirect index of internal organ blood flow (20) . Paw blood flow was measured bilaterally but we report data from the left side only (the flow rate was similar on both sides). We found that CLP reduced peripheral blood flow in untreated BK ␤1-KO mice, but not in untreated WT mice at 24 h post-CLP, the latency to mortality in BK ␤1-KO mice (Fig. 4, A-C) . In addition, we also found that CLP caused more severe hypothermia in untreated BK ␤1-KO mice compared with untreated WT mice (Fig. 4C) , suggesting that organ perfusion was lower in these mice. Importantly, the combination treatment improved blood flow and body temperature in CLP-BK ␤1-KO but not in CLP-WT mice (Fig. 4, A and B) . Ca 2ϩ channel blocker and volume resuscitation protect against organ damage in CLP-BK ␤1-KO mice. To determine whether vascular BK channel deficiency exaggerates organ damage in septic mice, we evaluated the tissue injury scores in untreated mice. Small intestine, liver, and kidney were taken at 24 h post-CLP surgery. Tissue injury scores were calculated from hematoxylin and eosin-stained tissue slices (43) . At 24 h post-CLP, untreated CLP-BK ␤1-KO mice displayed more severe injury in the mucosa of small intestine than the tissues from untreated WT mice (Fig. 5) . Injury to the liver and kidney was similar in WT and ␤1-KO mice (Fig. 5) . In our preliminary studies, the plasma creatinine and alanine aminotransferase levels were very low at 24 h post-CLP in control and BK ␤1-KO mice (data were not shown) indicating that sepsisinduced kidney and liver damage may not contribute to mortality in BK ␤1-KO mice. Therefore, intestinal injury was used to evaluate organ damage caused by CLP in subsequent studies.
To determine the role of L-type Ca 2ϩ channel activation in CLP-induced organ damage, we evaluated intestinal injury scores in saline ϩ nicardipine-treated WT and BK ␤1-KO mice. We found that intestinal injury was reduced in both treatment groups, but improvement was greater in BK ␤1-KO mice (Fig. 6B) . We then evaluated PMN infiltration into the small intestine. At 24 h post-CLP the small intestines from untreated CLP-BK ␤1-KO mice did not show higher PMN infiltration and MPO levels compared with CLP-WT mice (Fig. 6, A and C) . We also found that most PMNs infiltrated the adventitial layer of the intestine, not the mucosa where tissue damage was most prominent (Fig. 6A) . Saline ϩ nicardipine treatment did not change PMN infiltration or MPO levels in the small intestine of CLP-WT and CLP-BK ␤1-KO mice (Fig. 6, A and C) .
BK channel function is maintained in MA at 24 h after CLP in WT mice. Finally, we compared BK and L-type Ca 2ϩ channel function in MA from untreated WT and BK ␤1-KO mice at 24 h post-CLP (the latency to mortality in BK ␤1-KO, but not in WT mice). BK and L-type Ca 2ϩ channel function in MA were tested using paxilline and BAY K 8644 (Fig. 7) . Higher BK and lower L-type Ca 2ϩ channel functions were maintained in WT MA before 24 h post-CLP, but as expected there was an impaired BK and enhanced L-type Ca 2ϩ channel function in BK ␤1-KO MA.
Ca 2ϩ channel blocker and volume resuscitation reduced serum cytokine levels. To determine the role of immune activation in organ damage and mortality in septic BK ␤1-KO mice, we measured serum TNF-␣ and IL-6 levels from untreated and saline ϩ nicardipine-treated CLP-WT and BK ␤1-KO mice at 24 h post-CLP (Fig. 8) . We found that both TNF-␣ and IL-6 levels in untreated CLP-BK ␤1-KO mice were higher than untreated CLP-WT mice (Fig. 8) . Interestingly, these higher levels of cytokines in CLP-BK ␤1-KO mice were sensitive to L-type Ca 2ϩ channel blockade since the cytokine levels were reduced in treated mice. Treatment did not affect cytokine levels in CLP-WT mice.
DISCUSSION
Exacerbated hypoperfusion, organ damage, and mortality in septic BK ␤1-KO mice are blood pressure independent. Previous work has shown exacerbated mortality in septic BK channel knockout/deficient mice compared with its WT mice, but the mechanisms were not determined (27, 43) . Similar mortality data were obtained in the present study done in CLP-induced polymicrobial sepsis, where we found that hypotension was similar in untreated septic WT and BK ␤1-KO mice. However, we found that untreated septic BK ␤1-KO mice had a shorter latency to mortality and a lower survival rate than did untreated WT mice. These results indicate that maintenance of BK channel function protects against mortality in septic BK ␤1-KO mice but this protection is blood pressure independent.
Movement of the circulation from the hyperdynamic to the hypodynamic phase and prolonged organ hypoperfusion contribute to sepsis-induced organ damage and mortality. Maintaining organ perfusion with volume resuscitation and/or maintenance of cardiac output is more critical than controlling blood pressure in prevention of organ damage and mortality during septic shock (9, 23, 49) . Vasoconstrictors are used to maintain blood pressure only if mean blood pressure is consistently lower than 65 mmHg after initial fluid resuscitation. Presumably this is because most critical tissues require a minimum driving pressure of at least 65 mmHg to maintain adequate blood flow. Clearly, vasoconstrictors do not increase vascular resistance in critical tissues (kidney, heart, brain) would be preferable, but there are no known vasoconstrictors with such high tissue specificity. In our studies, hypotension occurred in all untreated septic mice, and untreated septic BK ␤1-KO mice died at 24 h before the transition to the hypodynamic phase. Untreated septic WT mice showed a progressive increase in MAP and decrease in HR, suggesting that there was an increase in peripheral resistance and a decrease in cardiac output (it is unlikely that higher stroke volume occurs in septic mice) between 24 and 51 h post-CLP (latency to mortality). Untreated septic WT mice showed signs of transition to the hypodynamic circulatory phase 24 h post-CLP. Progression of hypotension up to 24 h post-CLP was similar in WT and BK ␤1-KO mice. However, untreated BK ␤1-KO mice may prog- ress more quickly to the later stage of septic shock, which includes severe hypoperfusion, hyperthermia, and intestinal ischemia. These data suggest that normal vascular BK channel function is crucial in protecting against the transition between the hyperdynamic and hypodynamic hemodynamic states in septic BK ␤1-KO mice. Definitive proof of this accelerated transition in septic BK ␤1-KO mice will require direct measurements of cardiac output, stroke volume, and peripheral resistance in conscious septic mice.
Increased L-type Ca 2ϩ channel activity exacerbates hypoperfusion, organ damage, and mortality in septic BK ␤1-KO mice. Volume resuscitation can reduce mortality in septic shock by maintaining organ perfusion and cardiac output (9, 23, 49) . In our study, most septic WT mice were rescued by volume resuscitation, even at 30 ml/kg of volume replacement (9, 49), a volume that is considered a low level of volume resuscitation for septic shock patients. This result indicates that hypovolemia is responsible for sepsis-induced mortality in WT mice. However, volume resuscitation did not rescue septic BK ␤1-KO mice. These results suggest that organ perfusion may be limited by higher vascular resistance and reduced tissue perfusion in septic BK ␤1-KO mice. In the later stage of septic shock, high peripheral vascular resistance would reduce perfusion of ischemia-sensitive tissues (for example, the mucosa of small intestine), possibly via enhanced vascular Ca 2ϩ channel activity. Blocking L-type Ca 2ϩ channels improves blood pressure, organ perfusion, and survival in endotoxemic septic shock (15, 17, 22, 33, 35, 40) . Dysregulated L-type Ca 2ϩ channel function is more prominent in BK ␤1-KO mice due to the absence of counterregulation by BK channels (2, 31, 42) . In our previous studies, we found that the fall in MAP caused by the calcium channel blocker nifedipine showed modest dose dependency, and depressor responses to nifedipine were slightly (ϳ10 mmHg at peak) larger in BK ␤1-KO than WT mice (42) . Therefore, we tested the hypothesis that increased L-type Ca 2ϩ channel activity in vascular smooth muscle cells was a cause of reduced organ perfusion and increased mortality in septic BK ␤1-KO mice.
Higher vascular L-type Ca 2ϩ channel activity in septic BK ␤1-KO mice has been reported previously (43) and in the current study. In current study, lower BK and higher L-type Ca 2ϩ channel activity occurred in mesenteric resistance arteries from septic BK ␤1-KO mice until death. Higher vascular BK channel and lower L-type Ca 2ϩ channel activity were maintained in septic WT mice at least up to 24 h post-CLP, the time of death in BK ␤1-KO mice. The transient depressor responses caused by the first (at 2 h) and second (at 8 h) nicardipine treatments were also slightly larger in BK ␤1-KO mice than septic WT mice. Our data indicate that BK ␤1-KO mice have enhanced L-type Ca 2ϩ channel activity controlling vascular tone and blood pressure. Nicardipine treatment (combined with volume resuscitation) increased survival time in septic BK ␤1-KO mice compared with untreated and volumetreated septic BK ␤1-KO mice. Importantly, this treatment also improved peripheral perfusion (blood flow) and body temperature and reduced tissue injury in septic BK ␤1-mice. Improvements caused by combined treatment in septic BK ␤1-KO mice were blood pressure independent, since blood pressures were improved similarly in both treated groups. Improvement in blood pressure was largely mediated by the volume resuscitation, but nicardipine treatment did cause transient depressor responses in all mice, likely due to reduced peripheral resistance, which could increase tissue perfusion. Interestingly, the combinational treatment did not provide additional survival benefit in septic WT mice compared with volume resuscitation alone. These data indicate that septic WT mice may not have an impairment of the coupling between BK and L-type Ca 2ϩ channels. Furthermore, we did not find that impaired interactions between BK and L-type Ca 2ϩ channel function (if there is) will have clinical significance on the overall outcomes in sepsis-induced mortality in WT mice. Therefore, our data indicate that both hypovolemia and L-type Ca 2ϩ channelmediated increases in vascular resistance contributed to hypoperfusion and mortality in septic BK ␤1-KO mice. Direct measurements of peripheral resistance are needed to support our hypothesis that increased L-type Ca 2ϩ channel activity in septic BK ␤1-KO mice is responsible for reduced tissue perfusion.
Higher cytokines levels in septic BK ␤1-KO mice are also sensitive to Ca 2ϩ channel blocker: a role for BK channels in the immune system? Whether or not BK channels are expressed in immune cells is controversial (10, 11) , although early studies reported that BK channels were required for LPS-induced macrophage cytokine release (29) . Our studies show that serum cytokine levels were much higher in septic BK ␤1-KO mice at 24 h postsepsis when compared with septic control mice. Higher serum cytokine levels in septic mice were reduced by saline ϩ nicardipine treatment in BK ␤1-KO but not in control mice. Higher serum cytokine levels in the late stage of septic BK ␤1-KO mice may be caused by diminished clearance rather than enhanced release. This conclusion is consistent with our observation of similar inflammatory responses in the small intestine from septic control and BK ␤1-KO mice with or without combined treatment. It has been reported that the increase in local concentration of cytokines is the most critical factor causing organ injury in sepsis (15, 17) . Ca 2ϩ channel blockers improve survival in endotoxemic shock at least in part by blocking the oxidative burst, nitrite formation, and cytokine release from macrophages (3, 4, 14, 16, 41) . However, Ca 2ϩ channel blockers may increase mortality in sepsis due to impaired bacterial killing (15, 17) . In our study, the nicardipine-induced increase in blood flow and perfusion and extended survival time were more prominent in septic BK ␤1-KO mice than in WT mice, and increased blood flow would be expected to increase cytokine clearance. We also showed that tissue injury and inflammation were not uniform across all organs, as more severe injury occurred in the small intestine, but without enhanced intestinal inflammatory responses, in septic BK ␤1-KO mice. PMNs infiltrated mostly into the intestinal adventitia, while the intestinal injury occurred mostly at the mucosa. We also found that the PMN infiltration was similar in the liver, but PMN infiltration was absent in the kidney, in septic WT and BK ␤1-KO mice (data not shown), and the sepsis-induced visual tissue injury was minor in these mice. These results argue against a broad contribution of immune system activation to organ damage and mortality in septic BK ␤1-KO mice. Our animal model separate vascular from other systemic responses that may be involved in organ damage and hemodynamic regulation in septic shock. Direct measurements of cytokine/bacterial clearance are needed to support our hypothesis.
Role of BK and L-type Ca 2ϩ channel dysregulation in human cardiovascular diseases-clinical relevance. We did not find that acute septicemia impairs BK channel function during the early stage of CLP-induced sepsis, although our previous studies in endotoxemic control mice showed impaired vascular BK channel activity at 22 h post-LPS treatment (43) . Impaired vascular BK channel function may develop more slowly in CLP-induced septic WT mice. However, our data indicate that impaired interactions between BK and L-type Ca 2ϩ channels may not affect outcomes in sepsis-induced mortality in humans with normal vascular BK channel function as most of septic WT mice are rescued by volume replacement without nicardipine or antimicrobial therapy. We used 30 ml/kg of volume replacement as this is the recommendation for first line treatment of septic shock patients (9, 49) . However, sepsis-induced mortality is much higher in elderly patients (25) , obese individuals (28), diabetic patients (5), and patients with congestive heart failure (1). These patients have higher vascular tone and impaired vascular BK channel function via downregulation of BK ␤1-subunit expression and function (18, 24, 37, 50) . We propose that BK ␤1-KO mice mimic the pathophysiological condition occurring in these patients. Our studies indicate that the Ca 2ϩ channel blocker treatment may benefit populations of septic patients who have impaired vascular BK channel function and do not respond adequately to volume resuscitation. A promising clinical study showed that coadministration of a Ca 2ϩ channel blocker and immunosuppressive drugs not only decreased the rate of organ failure in transplant patients but also reduced the incidence of septic episodes and death in diabetic patients receiving a kidney transplant (39) .
Limitations and further studies. We cannot rule out contributions of immune activation or other systemic responses in exacerbated organ damage and mortality in septic BK ␤1-KO. Nicardipine extended the survival time, but the overall 7-day survival rate was still significantly lower in treated BK ␤1-KO mice compared with WT mice. The higher cytokine levels in septic BK ␤1-KO mice may be explained by diminished cytokine clearance, but this hypothesis needs to be substantiated by direct measurements. Future studies should determine whether BK and L-type Ca 2ϩ channels function in immune cells and if their dysregulation affects sepsis-induced immune responses. An evaluation of cytokine concentrations within the organs will help to distinguish between BK channel dysfunction in vascular smooth muscle versus immune cells. Additional studies need to directly measure organ blood flow, cardiac output, and peripheral resistance, although these hemodynamic measurements are very difficult in septic mice due to hemodynamic lability during sepsis. Finally, no animal model recapitulates the complex pathophysiology of sepsis in humans. This point is highlighted by a study showing marked differences in the profile of activation of genes controlling the inflammatory response to endotoxemia in humans and mice (34) . Results from studies of septic shock need to be interpreted with caution when attempting to extrapolate data obtained using mouse models to human diseases (34) .
In conclusion, maintenance of BK channel function delays the hemodynamic transition into the hypodynamic circulatory phase (the late stage of septic shock causing mortality) by stabilizing vascular L-type Ca 2ϩ channel function. Dysregu- lated BK and L-type Ca 2ϩ channel function are responsible for hypoperfusion, organ damage, and mortality in septic BK ␤1-KO mice. L-type Ca 2ϩ channel blocker treatment is a potential therapeutic approach to rescue septic shock patients who have primary diseases associated with reduced vascular BK channel function.
Perspectives and Significance
Septic shock is associated with high morbidity and mortality, and there are no effective treatments (9, 23) . Sepsis and sepsis-induced mortality are more common in elderly patients, obese individuals, diabetic patients, and patients with congestive heart failure who have altered vascular tone and impaired vascular BK channel function, suggesting that there are interactions between BK channel dysfunction and sepsis-induced mortality (1, 5, 25, 28) . Our studies provide new information about the causes of hemodynamic dysfunction and mortality in septic shock and support the use of L-type Ca 2ϩ channel blockers for treatment of septic shock in groups of patients known to have BK channel dysfunction. Tissue hypoperfusion is an important factor in the development of multiple organ failure. Understanding these hemodynamic abnormalities and cellular mechanisms responsible for tissue hypoperfusion will help develop treatments that will reduce organ injury and mortality in septic shock.
